Nausea and vomiting are often associated with opioid analgesia in cancer patients; however, only a subset of patients develop such side effects. Here, we tested the hypothesis that the occurrence of nausea and vomiting is modulated by the genetic background of the patients. Whole exome sequencing of DNA pools from patients with either low (n = 937) or high (n = 557) nausea and vomiting intensity, recruited in the European Pharmacogenetic Opioid Study, revealed a preliminary association of 53 polymorphisms. PCR-based genotyping of 45 of these polymorphisms in the individual patients of the same series confirmed the association for six SNPs in AIM1L, CLCC1, MUC16, PDE3A, POM121L2, and ZNF165 genes. Genotyping of the same 45 polymorphisms in 264 patients of the Italian CERP study, also treated with opioids for cancer pain, instead confirmed the association for two SNPs in ZNF568 and PDE3A genes. Only one SNP, rs12305038 in PDE3A, was confirmed in both series, although with opposite effects of the minor allele on the investigated phenotype. Overall, our findings suggest that genetic factors are indeed associated with nausea and vomiting in opioid-treated cancer patients, but the role of individual polymorphisms may be weak.
phenotypes. Indeed, such phenotypes can be modulated by several molecular players or biochemical pathways, and can be caused by different germline alterations (i.e. they display genetic heterogeneity) 7, 8 . Therefore, the selection of genetic candidates based on a priori knowledge is limiting and does not always lead to reliable findings 9, 10 .
In order to have a more comprehensive view of the genetics of opioid-induced side effects, we carried out a genome-wide association study on individual susceptibility to nausea and vomiting in patients treated with opioids for cancer pain, using the European Pharmacogenetic Opioid Study (EPOS) series 11 and an independent Italian series from the CERP randomized controlled trial (RCT) of opioids for chronic cancer pain 12 . The objective of this analysis was to identify polymorphisms, throughout the whole exome and not only in candidate genes, that are associated with nausea and vomiting related to the use of opioids in cancer patients.
Results
To identify genetic variants associated with the intensity of adverse reactions to opioid analgesics, we began by calculating a nausea-vomiting score (NVS) for 1494 cancer patients of the EPOS series (Table 1 ). These patients were prevalently from Norway, Italy and Germany. The most prevalent cancer types were of the gastrointestinal tract (20%), lung (17%), prostate (11%), breast (9.8%) and female reproductive organs (7.6%). Morphine was the most administered drug, followed by fentanyl and oxycodone. Only 99 EPOS patients (6.6%) received two opioids and one patient received three of them. The patients were grouped according to NVS into those with no or low-intensity reactions (n = 937) and those with moderate or high intensity reactions (n = 557).
Genomic DNA from the EPOS patients was pooled separately for the two groups and used in whole-exome sequencing. A comparison of the two exome sequences identified 53 polymorphisms whose alternative allele fraction differed between the two groups (pool 1 vs. pool 2) by more than 2.5 fold ( Supplementary Table S1 ); such differences were all statistically significant at P < 1.0 × 10 −5 . These 53 polymorphisms were all SNPs except for one insertion/deletion (rs66593747). They mapped in 52 unique genes, as both rs1451772 and rs1669412 locate in TAS2R42 gene. Among these polymorphisms, 29 and 24 showed an enrichment of the variant allele in pool 1 (variant ratio >1) and pool 2 (variant ratio <1), respectively. These polymorphisms were considered potentially associated with the intensity of nausea and vomiting in response to opioids and thus were selected for validation by PCR-based genotyping.
To analyze the 53 candidate polymorphisms by TaqMan OpenArray genotyping, it was necessary to custom-design TaqMan assays for 14 polymorphisms. The design or manufacturing process failed for five SNPs ( Supplementary Table S1 ). Thus, 48 SNP genotyping assays were performed. This analysis was done using individual DNA samples from the same 1494 EPOS patients studied by exome sequencing, and also from 264 patients of the Italian CERP trial ( Table 2 ). This patient series is similar to the EPOS series in terms of sex distribution and administered opioids (only 9% of EPOS patients received an opioid different from the four drugs administered in the CERP trial and no CERP patient received more than one opioid). The two series differ, however, in terms of patients' nationalities and cancer types, with the most prevalent in CERP being lung cancer, followed by gastrointestinal, breast, gynecologic, head and neck, and pancreas tumors. Moreover, the mean NVS was lower in the CERP series than in the EPOS one (10.2 vs. 23.5): in detail, in the CERP series, only 34 patients (12%) had NVS ≥ 33.3, compared to 557 patients (37%) in the EPOS series.
TaqMan genotyping failed for rs35612307 and rs12807084, since genotype clusters were not clearly identifiable. Furthermore, genotyping for rs361498 was non-informative because all individuals of both series were homozygous for the major alleles (not shown); this result, which is discordant with whole-exome sequencing, might be explained by errors in genotype call in one of the two methods used. Thus, 45 SNPs were available for analysis of an association with NVS.
In the EPOS series, we found six SNPs associated with NVS, at a nominal P < 0.05 ( Table 3 ). The SNPs showing the best associations were rs168107 and rs12305038, two missense variations in CLCC1 and PDE3A genes, respectively (P = 0.001 and P = 0.002, respectively). Both these associations showed negative beta values, meaning that higher numbers of the minor (variant) alleles of both SNPs (T and A, respectively) associated with lower NVS values. These data are concordant with those from the exome sequencing analysis, where we observed an enrichment of the variant alleles of both SNPs in the pool 1, including individuals with low NVS.
In the CERP series, two SNPs associated with NVS: rs12305038 and rs10405238 (P = 0.029 and 0.016, respectively; Table 4 ). One of these markers, rs12305038, associated strongly with NVS in the EPOS series. The minor allele (A) of rs12305038 was the same in both series, but the directions of the associations were opposite, as the beta value had a negative and a positive sign in the EPOS and CERP series, respectively. The other marker identified in the CERP series (rs10405238) did not associate with NVS in the EPOS series, and none of the other five SNPs identified in the EPOS series were confirmed in the CERP series.
Discussion
Using a DNA-pooling approach with whole-exome sequencing, this study preliminarily identified 53 genetic variants throughout the exome whose genotype associated with a composite nausea-vomiting score (NVS) in 1494 cancer patients under opioid analgesia. Individual genotyping of 45 of these candidate polymorphisms, in the same 1494 patients (EPOS series), confirmed the association of six SNPs with NVS. Instead, genotyping of the 45 polymorphisms in 264 patients of the CERP series confirmed the association of two SNPs with NVS. Only one SNP, rs12305038 on chromosome 12, associated with nausea and vomiting phenotype in both series.
The two clinical series studied here, EPOS and CERP, are similar in that both consist of patients with advanced oncological disease causing pain treated with opioid analgesia. The series differ, however, in terms of sample size, prevalent cancer types, and, most importantly, NVS, which was lower in CERP patients. Likely, this last aspect influenced the number of SNPs found to associate with the considered phenotype.
In both series, we found an association of rs12305038 with NVS but with opposite effects of the minor allele, which was associated with less intense side effects in the EPOS series (beta = −3.261) and more intense nausea and vomiting in the CERP series (beta = 3.981). These contradictory statistics could mean that the association is an artifact, but they could also mean that the association is real and represents a functional element in linkage disequilibrium with rs12305038, with different patterns in the two series. Such a possibility is not unprecedented, as alleles having opposite directions of effect in two different populations have been reported in a genetic association study of nicotine dependence 13 .
Our exome-wide study of EPOS cancer patients follows an earlier candidate-gene SNP-genotyping study done in a partially overlapping series of patients. The study reported by Laugsand et al. 5 found significant associations between six polymorphisms in HTR3B, COMT, and CHRM3 genes and opioid-related nausea and vomiting, measured as NVS. Those findings were not replicated in the present study, in part because three of the six SNPs identified earlier are intronic polymorphisms that were a priori excluded from investigation in this study of exonic variants. For the remaining three SNPs, which do lie in exons, the contrasting results may be attributable to the different study designs. In particular, a limitation of the DNA-pooling approach used here is that it does not permit stratification by covariates, whereas in the candidate-gene study the analyses were stratified by country and use of antiemetics, and several demographic and disease-related variables were used as covariates. Table 1 . Characteristics of EPOS patients analyzed by exome sequencing and then genotyped to identify genetic variants associated with individual predisposition to nausea and vomiting. NVS, nausea-vomiting score; SD, standard deviation. § EPOS did not distinguish colon/rectum from stomach cancers. *Liver (n = 5), skin (n = 21), pancreas (n = 31), sarcomas (n = 38), multiple cancers (n = 51), unknown (n = 42), not specified (n = 95). ‡ Hydromorphone (n = 67), ketobemidone (n = 2), levomethadone (n = 25), methadone (n = 35), not reported (n = 1).
Scientific RepoRtS | (2020) 10:542 | https://doi.org/10.1038/s41598-019-57358-y www.nature.com/scientificreports www.nature.com/scientificreports/ Another difference between the DNA-pooling and individual SNP-genotyping approaches, seen here, lies in the statistical strength of the identified associations. After exome sequencing, the 45 studied SNPs all had a P < 1.0 × 10 −5 in the allelic reconstruction of the results of DNA pools. In contrast, after individual genotyping, the statistical associations of the six confirmed SNPs were much weaker, i.e., with P values ranging from 0.040 to 0.001. The poor performance of the technical validation of the exome sequencing results may be due to the DNA pooling design. This strategy saves costs and has been used successfully in other studies 14, 15 , which however also reported that it has several limitations (e.g. unequal contributions of different individuals to the DNA pool and variations in sequencing depth in different genes) that can affect the allele frequency estimates. Another limitation is the stochastic loss of rare alleles.
The SNP rs12305038 is a missense variant in the coding portion of the first exon of PDE3A gene, which codes for phosphodiesterase 3A. This protein is a member of the class of enzymes that degrade cGMP and cAMP 16 Table 3 . SNPs associated with NVS phenotype in the EPOS series (n = 1494). NVS, nausea-vomiting score. *Map position, in megabases, based on genome assembly GRCh38.p12. § PLINK, linear regression model of allelic effects on phenotype; covariates: sex, age, country of residence, and opioid type (see Table 1 ). and therefore are important regulators of cyclic nucleotide signaling in different pathways. Phosphodiesterases (PDEs) are involved in the morphine addiction pathway (hsa05032 KEGG pathway), and also in the bitter and sweet taste signaling pathway 17 . Thus it is possible that the genetic variations in these enzymes that alter taste perception also modulate susceptibility to nausea and vomiting. However, the association of polymorphisms in PDE3A gene with nausea and vomiting has never been reported so far. Genetic variants in PDE3A gene have previously been associated with hypertension 18 . Since we did not have access to clinical data regarding the diagnosis of hypertension in the patients in our study, we cannot correct our analysis for this putative confounder. Therefore, we cannot exclude a confounding effect of blood pressure values in the observed association between the SNP in PDE3A gene and NVS.
Nausea and vomiting are also side effects of opioid use for postoperative pain, and associations between these side effects and polymorphisms in FAAH, OPRM1, and OCT1 genes have been found in several studies that used a candidate-gene investigational approach [19] [20] [21] . However, a meta-analysis of studies of opioid therapy for postoperative pain in different clinical settings found that only one polymorphism in the opioid receptor gene OPRM1 modestly affects opioid-induced nausea and vomiting 22 . In the present exome-wide study, we did not find associations between these polymorphisms and opioid-induced nausea and vomiting in patients with cancer-related pain. These contrasting results may be due to differences in the molecular mechanisms involved in opioid-induced nausea and vomiting in patients with surgical vs. cancer pain. Another possible explanation is the presence of different confounders in the different types of patients. Indeed, some patients in this study were concurrently receiving chemotherapy, which is known to induce nausea and which may have inflated these patients' NVS values. Also, some gastric cancer patients in our series probably had more severe nausea and vomiting than patients with other cancer types (as suggested by the EORTC QLQ-C30 reference NVS values reported for different cancer types, https://bit.ly/2uDM1pa), thus confounding our results.
Overall, this pharmacogenomics study suggests that the risk of nausea and vomiting in opioid-treated cancer patients has a genetic component. However, the role of individual polymorphisms seems to be weak. Therefore, to clearly identify the genetic elements modulating an individual's response to opioid treatment, larger and better characterized clinical series are needed, as are individual genotyping or sequencing efforts and new methods for investigating the interactive effects among genetic variants.
Methods
Study design and patient selection. This pharmacogenomic study used a two-part experimental design ( Fig. 1) , with whole-exome sequencing of two DNA pools (from one clinical series) followed by PCR-based genotyping of individual DNA samples (from two clinical series). The strategy of starting with DNA pools, rather than individual samples, was chosen because of the high costs of individual exome sequencing. This approach has already been used successfully to identify genetic variations associated with other clinical conditions and has been found to be cost effective 14, 15 .
For this study, we obtained clinical data and blood or DNA samples from two series of patients that received opioid analgesia for cancer pain. One of these series is EPOS, a cross-sectional, European multicenter study of symptoms, pharmacology, and pharmacogenomics related to the use of opioids (morphine, fentanyl, Figure 1 . Workflow of the experimental design. The EPOS series was divided in two groups according to the nausea vomiting score (NVS). Pool 1 -low: patients characterized by NVS < 33.3 (no or low nausea and vomiting); Pool 2 -high: patients with NVS ≥ 33.3 (moderate or high nausea and vomiting). DNA pools were genotyped by exome sequencing. Then, the technical validation of 48 selected SNPs was carried out by individual genotyping. Finally, we replicated the study of the selected SNPs in an independent patient series (CERP).
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The other clinical series investigated here is from the CERP study 12 , a four-arm, Italian multicenter RCT that included 520 patients with moderate to severe cancer pain requiring WHO step III opioids. In this trial, patients had been randomly assigned to receive oral morphine, oral oxycodone, transdermal buprenorphine, or transdermal fentanyl for 28 days. For 264 of these patients, peripheral blood samples were available for use in this study.
The study protocol was approved by the Committees for Ethics of each recruiting hospital contributing to the EPOS and CERP studies (a full list of all the ethics committees is available in the Supplementary Information), and the research was conducted in accordance with the tenets of the Declaration of Helsinki. All patients provided informed consent for the collection of clinical information and biological materials for research purposes.
Nausea and vomiting phenotype. The phenotype under study, i.e. the presence of nausea and vomiting, was assessed using two different patient-reported outcome measures (PROMs). The European Organization for Research and Treatment of Cancer's Core Quality of Life Questionnaire (EORTC QLQ-C30) 26, 27 was used by EPOS, while the Therapy Impact Questionnaire (TIQ) 28 was used by CERP. In both PROMs, nausea and vomiting intensities were assessed on four-point verbal rating scales. For QLQ-C30, the four points are "not at all", "a little", "quite a bit", and "very much", and they are assigned numerical values from 1 to 4. Similarly, for TIQ, the four points are "not at all", "some", "a lot", and "very much". EPOS patients did the questionnaire at least 24 h from taking chemotherapy, while CERP patients did it concurrently with non-first-line chemotherapy (59% of the CERP series) but at least 14 days after antalgic radiotherapy.
Following the procedure described in the EORTC QLQ-C30 Scoring Manual 29 we calculated the mean of the QLQ-C30 scores for nausea and vomiting, and then linearly transformed this raw score into a composite nausea-vomiting score (NVS) that ranges from 0 to 100, with higher values indicating higher impairment. Given the similarity between QLQ-C30 and TIQ, we used the same procedure for TIQ and considered the two NVSs to be equivalent. On the basis of our clinical experience, we chose an NVS cutoff of 33.3 to distinguish patients who had no or low-intensity nausea or vomiting (NVS < 33.3) from those with moderate or high intensity (NVS ≥ 33.3). We did not use the EORTC QLQ-C30 reference value for NVS in recurrent/metastatic cancer patients (NVS = 13.1, https://bit.ly/2uDM1pa) to dichotomize our study group, since it was much lower than the EPOS series' mean NVS.
DNA pools and whole exome-sequencing. We divided the 1494 EPOS patients into two groups characterized by NVS < 33.3 (no or low nausea and vomiting) versus NVS ≥ 33.3 (moderate or high nausea and vomiting). Equal amounts of genomic DNA from each patient in the two groups were combined to create two DNA pools.
Each DNA pool (50 ng) was used to prepare an exome library according to the standard Nextera Rapid Capture Exome Kit (Illumina) protocol. DNA fragments ranging from 250 bp to 350 bp were selected on 2% agarose gels. The concentration of each library was determined using a 2100 Bioanalyzer (Agilent), which also verified the sequence-grade quality of the DNA. The libraries were then sequenced on a HiSeq2500 system (Illumina) in "rapid run" mode with 100 bp-long paired-end reads.
Paired FASTQ sequence data were aligned to the human reference genome (GRCh37/hg19) using Burrows-Wheeler alignment (BWA) tool 30 . Specifically, the BWA aln algorithm (http://bio-bwa.sourceforge.net/ bwa.shtml) was used to align the sequences with the -n parameter set to 0.04, where n represents the fraction of missing alignments given a 2% uniform base error rate. Paired reads were then processed using sample with the following parameters: -a 500 -o 100 -N 10. SAM files were converted to BAM format, sorted and indexed using SAMtools 31 with default settings. Polymorphisms differentially present in the two groups were identified using CEQer2, an updated version of CEQer 32 , as described 33 . Filtering criteria were: p ≤ 0.05; alternative allele fraction (i.e. number of reads carrying an alternative allele at a certain position, divided by the total number of reads for that position) for each pool, ≥0.35; and alternative allele fraction ratio in pool 1/pool 2 ≤ 0.4 or ≥2.5.
SNP validation by individual genotyping.
Polymorphisms identified by exome sequencing of DNA pools were genotyped in individual samples of the same EPOS series to technically replicate the findings. Additionally, we genotyped these same polymorphisms in the CERP patients to confirm the results in an independent series. For this purpose, genomic DNA was extracted from peripheral blood of each CERP patient, using the DNeasy Blood & Tissue kit (Qiagen) and fluorimetrically quantified. Then, already available and custom-ordered TaqMan SNP Genotyping Assays were used on the TaqMan OpenArray Genotyping System (Thermo Fisher Scientific). DNA samples (from both EPOS and CERP series) were loaded at 50 ng/mL and amplified according to the standard protocol. Genotypes were determined used auto-calling methods, as implemented in the Genotyping analysis module, version 3.3, of the Applied Biosystems analysis software, on the Thermo Fisher Cloud. A genotype call rate ≥0.90 was selected as the reliability threshold; this means that SNPs for which it was impossible to determine the genotype in more than 10% of samples were not considered in the subsequent analysis.
Statistical analysis.
In the technical validation of exome sequencing results (EPOS series), to identify genetic variants associated with nausea and vomiting, we used a linear regression model with NVS as the dependent variable and sex, age, country of residence, and type of opioid as covariates. In the replication series (CERP),
